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Recently, it has been shown that shot-peened nickel-base superalloys exhibit an ap-
proximately 1% increase in apparent eddy current conductivity at high inspection fre-
quencies, which can be exploited for nondestructive subsurface residual stress assess-
ment. Unfortunately, microstructural inhomogeneity in certain as-forged and precipitation
hardened nickel-base superalloys, like Waspaloy, can lead to significantly larger electrical
conductivity variations of as much as 4–6%. This intrinsic conductivity variation adversely
affects the accuracy of residual stress evaluation in shot-peened and subsequently thermal-
relaxed specimens, but does not completely prevent it. Experimental results are presented
to demonstrate that the conductivity variation resulting from volumetric inhomogeneities in
as-forged engine alloys do not display significant frequency dependence. This characteristic
independence of frequency can be exploited to distinguish these inhomogeneities from near-
surface residual stress and cold work effects caused by surface treatment, which, in contrast,
are strongly frequency-dependent.
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1. INTRODUCTION

Shot peening is known to improve the resistance
to fatigue and foreign object damage in metallic com-
ponents due to its damage arresting qualities. This
surface enhancement process, which introduces ben-
eficial residual stresses and hardens the surface, is
widely used in a number of industrial applications, in-
cluding gas-turbine engines. Modern aircraft turbine
engine components are designed using a damage-
tolerance philosophy that allows the prediction of a
given component’s useful service life based on frac-
ture mechanics and structural analysis. However, the
fatigue life improvement gained via surface enhance-
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ment is not explicitly accounted for in current en-
gine component life management processes because
of the uncertainty about the long-term stability of the
protective near-surface residual stress at high opera-
tional temperatures. Therefore, there is a significant
potential for increasing the predicted damage toler-
ance capabilities of components if beneficial resid-
ual stress considerations are incorporated into the
life prediction methodology. Nondestructive inspec-
tion of components for near-surface flaws is a critical
part of life assessment for many US Air Force engine
applications. A major barrier to introducing subsur-
face residual stress information into the life calcula-
tion process is the necessity to make accurate and re-
liable nondestructive measurements on shot-peened
components.

Eddy current inspection is a promising candi-
date for use in characterizing the residual stresses re-
sulting from shot peening.(1–10) Unfortunately, it is
well known that, beside the sought residual stress,
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the measured eddy current conductivity is affected
by a number of factors, such as chemical com-
position, microstructure, hardness, surface rough-
ness, temperature, etc. Recently, it has been found
that, in contrast with most other materials, shot-
peened nickel-base superalloys exhibit an apparent
increase in eddy current conductivity at increasing
inspection frequencies, which can be exploited for
nondestructive residual stress assessment of subsur-
face residual stresses.(10) This observation by itself
seems to indicate that in these materials the mea-
sured conductivity change is dominated by resid-
ual stress effects, since surface roughness, increased
dislocation density, and increased permeability are
all known to decrease rather than increase the ap-
parent eddy current conductivity. It has been also
shown that in intact shot-peened specimens, the ex-
cess apparent eddy current conductivity (AECC)
is roughly proportional to the peening intensity(10)

and the frequency dependence of the AECC is con-
sistent with the penetration depth of the compres-
sive residual stress distribution.(11) Furthermore, on
partially relaxed shot-peened Waspaloy specimens
the measured AECC difference has been found to
change more or less proportionally to the remain-
ing subsurface residual stress. Finally, on fully re-
laxed specimens the AECC completely vanished,
which indicates that it is fairly selective to the resid-
ual stress contribution since the cold work effect
did not entirely disappear.(10) The observed close
correlation between the AECC and X-ray diffrac-
tion (XRD) residual stress data indicates that the
eddy current approach has the potential to be ex-
ploited for nondestructive characterization of subsur-
face residual stresses in surface-treated nickel-base
superalloys. Further research has revealed that the
depth profile of the intrinsic electrical conductivity
of the specimen can be predicted from the mea-
sured frequency-dependent AECC by a simple in-
version technique.(11) Then, the conductivity profiles
obtained from such inversion can be used directly to
assess the existing residual stress profile based on the
empirically determined electro-elastic coefficient of
the material.(12)

The microstructure of nickel-base superal-
loys consists of several important microstructural
features, namely a Ni-rich matrix, reinforcing
Ni3(Al,Ti) gamma prime precipitates, and carbide
phases at the grain boundaries. The size distribution
of the gamma prime precipitates is determined by
the precipitation hardening treatment used, while
the shape is most often controlled by composition.

The matrix grain size and the carbide distribution
are affected by the forging temperature and the alloy
composition. It is speculated that when large forgings
of these materials are fabricated, the matrix grain
size and the carbide distribution are inhomogeneous.
These inhomogeneities, in turn, could affect the
gamma prime reinforcing microstructure and thus
lead to eddy current conductivity anomalies. It
should be mentioned that the nickel-base superalloy
specimens used in Ref. 10 were fully annealed before
shot peening to eliminate essentially all variations in
material properties. From a practical point of view,
there is a need for a detailed study of the complex
relationship between the measured nondestructive
signature, material microstructure, and residual
stress and cold work effects due to surface treatment.
In particular, the relationship between the nonde-
structive signature and residual stress relief at service
temperatures is of great significance. It is important
to understand the effect of microstructural anomalies
leading to measurement fluctuations and their effect
on residual stress measurements, since it is critical for
the interpretation of the eddy current residual stress
results obtained on surface-treated and subsequently
thermally relaxed nickel-base superalloys.

In this paper, we study the electrical conductiv-
ity distribution in three typical polycrystalline nickel-
base superalloys used in turbine engine applications,
namely Waspaloy, IN718, and IN100, using absolute
eddy current conductivity measurements and high-
resolution eddy current imaging. We will demon-
strate that the conductivity variations resulting from
microstructural inhomogeneities in as-forged engine
alloys (Waspaloy and IN718) are mostly due to vol-
umetric effects, therefore they do not exhibit signifi-
cant frequency dependence in the 100 kHz to 10 MHz
frequency range used for near-surface residual stress
assessment in shot-peened components. This inde-
pendence of the apparent eddy current conductivity
from frequency allows us to distinguish these inho-
mogeneities from near-surface residual stress and
cold work effects caused by surface treatment, which
both exhibit strongly frequency-dependent AECC
difference between peened and unpeened states.

2. INHOMOGENEITY AND EDDY
CURRENT MEASUREMENTS

In order to achieve a better understanding of
the nature of the electrical inhomogeneity that oc-
curs in nickel-base superalloys, we first compared
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Fig. 1. Examples of the eddy current conductivity distribution in
four inhomogeneous Waspaloy specimens (as-forged, unpeened,
6 MHz, 53 mm × 107 mm, conductivity range is 1.38–1.47% IACS
or ±3.2% in relative terms) and two homogeneous IN100 spec-
imens (power metallurgic, unpeened, 6 MHz, 28 mm × 56 mm,
conductivity range is 1.337–1.341% IACS or ±0.13% in relative
terms).

the-electrical conductivity distribution in as-forged
(Waspaloy) and power metallurgic (IN100) nickel-
base superalloy specimens using high-resolution
eddy current imaging. The eddy current images were
taken by a ≈2-mm-diameter pencil probe at 6 MHz
with a Staveley Nortec 2000S Eddyscope as the
specimens were scanned using an x–y table driven
by a VELMEX 86 mm motor controller. Prior to
scanning, the surface of the specimen was carefully
aligned with the scanning plane of the x–y table,
the probe was adjusted to a constant nominal lift-off
distance of � = 0.1 mm, and the phase angle of the

Nortec 2000S was appropriately set to align the in-
evitable remaining lift-off variations to the horizon-
tal direction. The vertical analog output of the eddy
current instrument, corresponding to the apparent
eddy current conductivity, was fed to a computer and
stored as an image.

Eddy current conductivity maps of several
Waspaloy specimens from the same batch indicated
that inhomogeneities, as large as 20–30 mm, can
exist in the as-forged and precipitation hardened
alloy. Figure 1 shows examples of typical eddy
current conductivity images from both sides of four
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inhomogeneous Waspaloy specimens (a through
d) and two homogeneous IN100 specimens (e and
f) taken at 6 MHz. The Waspaloy specimens were
53 mm × 107 mm and exhibited a wide conductivity
range from ≈1.38%IACS to ≈1.47 %IACS, or
±3.2% in relative terms. In contrast, the 28 mm × 56
mm IN100 specimens exhibited a very narrow con-
ductivity range from 1.337–1.341%IACS or ±0.13%
in relative terms. It should be mentioned that similar
images of IN718 specimens revealed a similarly low
level of inhomogeneity (for brevity, the scanned
images of IN718 are not presented in this paper). It is
postulated that the observed electrical inhomogene-
ity difference between Waspaloy, IN718, and IN100
is caused by their different alloy composition and
thermo-mechanical processing and it is somehow
related to the microstructure of these materials.

Since the main applications for surface-treated
nickel-base superalloys are in high-temperature
turbine engine components, for the purposes of
developing a quantitative eddy current method for
residual stress measurement in these alloys after
thermal relaxation, it is essential to understand the
electrical conductivity variation caused by thermal
exposure. As a starting point, eight intact specimens
of each Waspaloy, IN718, and IN100 were annealed
by repeated application of 24-h heat treatments in
Argon protective environment between 300 ◦C and
800 ◦C in 50 ◦C-steps, followed by absolute AECC
measurements at 500 kHz with a 9-mm-diameter
pancake probe specially designed for precision
conductivity measurements and a Staveley Nortec
2000S eddy current instrument.

The standard four-point linear interpolation
procedure used to determine the apparent eddy cur-
rent conductivity is illustrated in Figure 2, which
shows a schematic representation of the electrical
impedance of the probe coil in the complex plane
before (a) and after (b) zoom-in and rotation. Four
reference points are measured on two appropriate
calibration blocks with (� = s) and without (� = 0)
a polymer foil of thickness s between the probe coil
and the specimens. For the small conductivity vari-
ations considered in this study, sufficiently accurate
results can be achieved by choosing two calibration
blocks that closely bracket the conductivity range of
interest. Then, the unknown apparent conductivity
σa and lift-off �a, if necessary, can be calculated from
the complex coil impedance Z(σa, �a) produced by
the actual specimen using this simple linear interpo-
lation. Because of the high precision requirements of
these measurements, efficient rejection of inevitable
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Fig. 2. A schematic representation of the eddy current probe coil
impedance in the complex plane before (a) and after (b) zoom-
in and phase-rotation demonstrating the four-point linear inter-
polation procedure for assessment of the apparent eddy current
conductivity.

lift-off variations is of the utmost importance. It was
also necessary to periodically repeat the calibration
procedure during manual scanning in order to re-
duce the adverse effects of thermal drift caused by
the weak, but still perceivable instability of the probe
and the instrument. For the above absolute measure-
ments, the experimental system was calibrated using
two standard reference blocks of σ1 = 1.34% IACS
and σ2 = 1.48% IACS and an s = 0.025 mm thick
polymer foil for controlling lift-off.

Figure 3 shows the evolution of electrical con-
ductivity and corresponding inhomogeneity in these
three nickel-base superalloys during gradual thermal
exposure. Initially, the average conductivity values of
all three nickel—base superalloys tend to decrease
after thermal exposure at temperatures around 350–
450 ◦C. The biggest conductivity drop occurs around
500–550 ◦C, then the conductivity values continue to
rise to their respective maxima at around 750 ◦C,
where a notable increase in conductivity occurs in
comparison with the respective initial values in the
intact materials. In addition to the above described
overall trend of changing average electrical conduc-
tivity, Figure 3 also illustrates the changing level
of inhomogeneity during thermal exposure, espe-
cially in Waspaloy and, to a much lesser degree, in
IN718. By far the strongest inhomogeneity among
these materials is observed in Waspaloy. Interest-
ingly, the inhomogeneity initially decreases up to
about 450 ◦C, then increases and peaks at around
550 ◦C. Above this temperature the inhomogeneity
gradually decreases and at around 650 ◦ it completely
vanishes. The inhomogeneity observed in IN718 and
IN100 remains very small over the whole tempera-
ture range, except for a slight increase in IN718 at
around 600 ◦C, which appears to be related to the
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Fig. 3. The evolution of electrical conductivity and corresponding
inhomogeneity in three nickel-base superalloys (8 of each mate-
rial) during gradual thermal exposure.

similar but much stronger increase in inhomogeneity
exhibited by Waspaloy.

The above results suggest that further research
is necessary to study the role of spurious background
variations caused by microstructural anomalies in
nickel-base superalloys to facilitate reliable eddy cur-
rent residual stress assessment of subsurface residual
stresses. We chose Waspaloy as a “worst-case” ex-
ample of nickel-base superalloys to further study the
relationship between conductivity variations and mi-
crostructural features. In order to determine whether
the characteristic features observed in the above
eight Waspaloy specimens during thermal exposure
are reproducible or not, we prepared a larger se-
ries of 32 as-forged specimens and repeated the same
thermal exposure experiments up to a 150 ◦C higher
temperature than before. These specimens were an-
nealed by repeated application of 24-h heat treat-
ments in Argon protective environment between
300 ◦C and 950 ◦C in 50 ◦C-steps, followed by abso-
lute AECC measurements. Figure 4 shows the evo-
lution of electrical conductivity and corresponding
inhomogeneity in these Waspaloy specimens dur-
ing gradual thermal exposure. It should be noted
that the conductivity drop after 850 ◦C is probably
due to excessive corrosion produced during the ex-
posure process. Otherwise, these specimens exhib-
ited very similar behavior to the previously observed
one. Interestingly, both Figure 3 and Figure 4 sug-
gest that spots of the highest conductivity in the
initial state tend to exhibit the lowest conductivity

at around 550 ◦C, an observation that might help
to pin-point the microstructural feature mainly re-
sponsible for the conductivity inhomogeneity in the
future.

3. RESIDUAL STRESS
AND THERMAL RELAXATION

The change of electrical conductivity due to the
presence of near-surface residual stresses is always
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Fig. 4. The evolution of electrical conductivity and corresponding
inhomogeneity in 32 as-forged commercial Waspaloy specimens
during gradual thermal exposure.
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very small, typically less than 1%.(10,11) Therefore,
the roughly 3–4% electrical conductivity variation
exhibited by inhomogeneous Waspaloy specimens
raises a crucial question. Can eddy current tech-
niques detect, let alone quantitatively characterize,
near-surface conductivity variations caused by sur-
face treatment in the presence of stronger conductiv-
ity variations caused by microstructural inhomogene-
ity in certain nickel-base superalloys?

In order to answer this question, we applied
eddy current imaging to study the electrical conduc-
tivity distribution in different nickel-base superalloy
specimens which were only shot-peened over half of
their surface. Figure 5 shows typical examples of con-
ductivity images of shot-peened IN100, IN718, and
Waspaloy specimens of different peening intensity
taken at 6 MHz (53 mm × 107 mm). In all cases, the
bottom halves of the specimens were peened there-
fore appear to be brighter, i.e., of slightly higher
conductivity, than the untreated top halves. In the

case of IN100, the background inhomogeneity of the
conductivity distribution is negligible with respect to
the excess conductivity caused by peening. In com-
parison, the more significant inhomogeneity of the
forged IN718 specimens is comparable to the mod-
est conductivity increase caused by peening. Finally,
in the case of the highly inhomogeneous Waspaloy
specimens, the inhomogeneity (3–4%) is significantly
stronger than the effect of shot peening (0.5–1%),
therefore could seriously distort eddy current assess-
ment of near-surface residual stresses.

Figure 6 shows the conductivity images of a
51 mm × 102 mm shot-peened inhomogeneous Was-
paloy specimen of Almen 8A peening intensity at
nine different inspection frequencies over a wide fre-
quency range from 250 kHz to 10 MHz. Again, the
upper half of the specimen is the untreated surface
and the lower half is the peened surface. Although at
the highest inspection frequencies the peened lower
half appears to be consistently brighter, i.e., of higher

Fig. 5. Conductivity images of shot-peened IN100, IN718, and
Waspaloy specimens of different peening intensity taken at 6 MHz
(53 mm × 107 mm).
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Fig. 6. Conductivity images of a shot-peened inhomogeneous
Waspaloy specimen at nine different inspection frequencies (Al-
men 8A, 53 mm × 107 mm).

conductivity, than the untreated upper half, the
conductivity difference resulting from the weak
residual stress effect between the peened and un-
peened areas is all but hidden by the stronger intrin-
sic inhomogeneity of the specimen.

Eddy current images of inhomogeneous Was-
paloy specimens indicate that low- and high-
conductivity domains as large as 25 mm can exist
in the as-forged and precipitation hardened alloy.
Since the depth of the compressed near-surface layer
in moderately shot-peened nickel-base superalloys
reaches only 100–200 µm, the corresponding weaker,
but frequency-dependent part of the AECC vari-
ation can be relatively easily separated from the
stronger, but frequency independent contribution of
the bulk inhomogeneity. It is obvious from Figure 6

that the background variation of the AECC is essen-
tially frequency independent due to the large volu-
metric size of the inhomogeneous domains. In order
to verify this conclusion, we measured the AECC on
four spots of an unpeened inhomogeneous Waspaloy
specimen over a wide frequency range from 100 kHz
to 10 MHz. The results of this experiment are shown
in Figure 7. As the frequency decreases, the eddy
current penetrates deeper into the material and also
spreads a little wider in the radial direction. Although
there is some change in the AECC with frequency at
most locations, on the average this frequency depen-
dence essentially cancels out for many points.

The lack of strong frequency dependence in
the inhomogeneity induced AECC variation sug-
gests that the conductivity does not vary sharply with
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Fig. 7. AECC spectra in an as-forged unpeened Waspaloy speci-
men at four different locations.

depth, which can be exploited to separate the pri-
mary residual stress effect from the spurious material
inhomogeneity using point-by-point absolute AECC
measurements over a wide frequency range, followed
by a comparison of the near-surface properties mea-
sured at high frequencies to those at larger depth
measured at low-frequencies. This is a significantly
more time consuming measurement than the simple
scanning technique developed in Ref. 10 to compare
the average AECC of large peened and unpeened ar-
eas to calculate the peening-induced average AECC
increase in homogeneous Waspaloy specimens after
full annealing. Comparing the AECC at high and
low inspection frequencies is equivalent to compar-
ing the electrical conductivity of every spot on the
shot-peened surface to a reference point slightly be-
low the same spot, therefore it represents the best
self-referencing measurement one can make under
these difficult conditions.

In order to verify whether this absolute mea-
surement technique is capable of sensing the weak
AECC change due to residual stress effects in inho-
mogeneous specimens, a series of experiments were
conducted in intact shot-peened Waspaloy samples
of different peening intensity. These measurements
were made by a Staveley Nortec 2000S eddy current
instrument with three different probes to assure opti-
mal sensitivity over a wide frequency range from 100
kHz to 10 MHz. The instrument was calibrated at
each inspection frequency using two calibrated ref-
erence blocks of σ1 = 1.34% IACS and σ2 = 1.43%
IACS using an s = 0.025 mm thick polymer foil for

controlling the lift-off distance. In order to reduce
the adverse effects of statistical variations in the lo-
cal conductivity over the 51 mm × 51 mm peened and
unpeened areas, we repeated all measurements at 18
different locations on the surface of the specimen
(9 points each on the peened and unpeened sides).
Then, we averaged the data for each frequency, to
reduce the incoherent scatter in the data caused by
thermal drift, electrical noise, imperfect lift-off rejec-
tion, etc.

During measurements, a template was used to
position the eddy current probe so that exactly the
same points would be inspected at different fre-
quencies. A quick comparison between the diame-
ter (≈2–3 mm) of the eddy current probe coils used
in our study and the typical size of inhomogeneous
regions (≈20–30 mm) observed in scanned images
shows that for the same inspection position on ei-
ther peened or unpeened areas, the measured con-
ductivity contribution from inhomogeneity is essen-
tially the same over the whole inspection frequency.
Because of the very strict accuracy requirements
imposed by the need to measure small (≈0.1–1%)
strongly frequency-dependent AECC variations in
the presence of much stronger (≈0.5–5%) but also
much less frequency-dependent AECC inhomogene-
ity, every possible measure must be taken to assure
that no systematic frequency-dependent error inter-
feres with the data. The four-point absolute calibra-
tion procedure used in these measurements effec-
tively eliminates the frequency dependence of the
eddy current instrument and the probe coils. How-
ever the remnant frequency dependence caused by
imperfections of the reference blocks, which are
themselves annealed nickel-base superalloys of dif-
ferent composition, cannot be eliminated in this way.
In particular, small variations in the relative perme-
ability (µr ≈ 1.0005–1.005) of these slightly param-
agnetic materials could cause an apparent frequency
dependence in the measured AECC on the order of
a few tenth of a percent. Therefore, in order to elimi-
nate the systematic frequency-dependent error asso-
ciated with the reference blocks used for calibration
purposes, we subtracted from the average AECC
spectrum obtained over the peened surface the cor-
responding average AEEC spectrum measured over
the untreated part.

Since the average low-frequency (volumetric)
conductivity values calculated over only nine spots
on the peened and unpeened parts of the speci-
men are still inevitably different, often by as much
as 1–2%, we normalized each AECC spectra to the
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Fig. 8. Excess AECC in shot-peened inhomogeneous Waspaloy at
four different peening intensities.

average of the three lowest frequencies (0.1, 0.13, and
0.16 MHz), where the standard penetration depth
is approximately 1.5 mm, i.e., sufficiently deep to
avoid the surface effects of shot peening, but not
too deep to be strongly affected by the volumetric
inhomogeneity of the material. This step corresponds
to the above described self-referencing baseline sub-
traction which is necessary to eliminate, or at least
significantly reduce, the adverse effects of material
inhomogeneity. Figure 8 shows the thereby obtained
excess AECC spectra for four different peening in-
tensities in Waspaloy. In intact shot-peened speci-
mens, the excess AECC is roughly proportional to
the peening intensity, which is consistent with the
results obtained in Ref. 10. Undoubtedly, the ex-
perimental uncertainty associated with these AECC
spectra is substantially higher than the one pre-
viously demonstrated on fully annealed, therefore
completely homogenized, Waspaloy specimens.(10)

However, considering the level of inhomogeneity
present in these specimens, the acceptable agreement
obtained with those previously published results well
demonstrates the effectiveness of the self-referencing
method.

It should be mentioned that for Waspaloy, we
would anticipate only a modest 0.5–0.6% change
in the electrical conductivity due to stress.(10) How-
ever, in the 16A shot-peened Waspaloy sample
we actually measured ≈1.1% excess AECC at 10
MHz, which is about twice as high. This overes-
timation was observed in homogeneous Waspaloy
specimens(10) as well as other nickel-base superal-

loys such as IN100(13) and probably has nothing to
do with the inhomogeneity issue at hand. Our pre-
liminary experiments suggest that an unusual phe-
nomenon is responsible for this discrepancy, namely
that cold work in excess of 20% plastic strain signif-
icantly increases the electrical conductivity in nickel-
base superalloys, especially in Waspaloy. This effect
of shot peening on the AECC is currently investi-
gated and will be discussed in detail in a follow-up
paper.

As noted before, the electrical conductivity in-
homogeneity of as-forged Waspaloy does not dimin-
ish during thermal relaxation unless the tempera-
ture reaches 650–700 ◦C. An essential feature of the
sought NDE capability is that it must be able to
detect the drop in residual stress after thermal re-
laxation from the changing AECC to be useful for
life prediction purposes. To determine if the eddy
current approach meets this requirement, additional
AECC measurements were conducted on as-forged
shot-peened samples after full thermal relaxation
in order to verify whether the excess AECC mea-
sured at high frequencies indeed disappears parallel
to the diminishing residual stress. To answer this cru-
cial question, we inspected four as-forged Waspaloy
specimens of different peening intensities both be-
fore and after full thermal relaxation. Figure 9 shows
the excess AECC in shot-peened inhomogeneous
Waspaloy at four different peening intensities before
relaxation (solid symbols) and after full relaxation
for full relaxation for 24 h at 900 ◦C (empty symbols).
Within the uncertainty of the eddy current measure-
ment, the excess AECC completely vanished, which
indicates that it is indeed very sensitive to thermal
relaxation.

Figure 10a shows the residual stress profiles ob-
tained by X-ray diffraction (XRD) measurements on
intact (solid symbols) and fully relaxed (empty sym-
bols) Waspaloy specimens of four different peen-
ing intensities. An important byproduct of the XRD
stress measurement is the cold work distribution
over depth in terms of plastic strain as shown in
Figure 10b, which is based on the width of the par-
ticular diffraction peak of interest (the 311 peak was
used for these measurements). Because the beam
width is also affected by microstructural differences
between the specimens before and after thermal ex-
posure, the width of the diffraction peak was mea-
sured relative to its average value at the three
deepest points of the four specimens (i.e., the aver-
age of 12 data points), where the surface-treatment
induced cold work is known to be negligible. We can
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Fig. 9. Excess AECC in shot-peened inhomogeneous Waspaloy at four different
peening intensities before relaxation (solid symbols) and after full relaxation (empty
symbols).

conclude that the peening intensity has a relatively
strong effect on the degree and depth of the resulting
cold work in shot-peened samples, with the highest
degree of plastic strain occurring just below the sur-
face at each peening intensity. It is evident that es-
sentially complete stress relaxation occurred in the
specimens. In comparison, roughly one-fifth of the
original cold work effect, which can be fully elimi-
nated only by actual recrystallization, survived below
the surface. Since the excess AECC completely van-
ished in the relaxed specimens after thermal expo-
sure, we can conclude that the eddy current method
is not only very sensitive to thermal relaxation, but
also that it is mostly sensitive to the residual stress
contribution since the cold work effect did not en-
tirely disappear. These results are consistent with
our earlier findings in homogeneous Waspaloy,(10)

where the peak values of both the AECC increase
(≈2%) and the compressive residual stress (≈1700
MPa) were about 70% higher than the corresponding
values found in this study for as-received Waspaloy
(≈1.2% and ≈1000 MPa, respectively). Additional

measurements on partially relaxed specimens will
be conducted in the future and will be reported
along with X-ray diffraction measurements of resid-
ual stress and cold work profiles in a followup
paper.

4. CONCLUSION

Our experiments indicate that there exist in-
homogeneous regions in as-forged Waspaloy spec-
imens, which adversely affect the accuracy of
conductivity measurements aimed at near-surface
residual stress assessment in surface-treated compo-
nents. In some cases, a fluctuation on the order of
3-4% was observed in the electrical conductivity not
only in as-forged specimens but also after thermal ex-
posure up to about 650 ◦C. This phenomenon is not
associated with the shot peening process and is not
a general rule in nickel-base superalloys. For exam-
ple, according to our experiments, IN718 and IN100,
two other nickel-base superalloys commonly used in
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Fig. 10. Residual stress (a) and cold work (b) profiles obtained
by X-ray diffraction measurements on intact (solid symbols) and
fully relaxed (empty symbols) Waspaloy specimens of four differ-
ent peening intensities.

turbine engines, do not exhibit such inhomogeneity,
though it cannot be excluded that, especially in
IN718, a similar inhomogeneity might occur at a
lower level in some cases. At this point, the funda-
mental reason for the difference in electrical inhomo-
geneity between Waspaloy, IN718, and IN100 is not
known.

The main objective of this study was to sepa-
rate the excess AECC caused by the primary resid-
ual stress effect from intrinsic conductivity variations
caused by the spurious inhomogeneity exhibited by
as-forged nickel-base superalloys. Our experimen-
tal results on as-forged Waspaloy specimens indicate
that the conductivity variations caused by inhomo-
geneities in as-forged engine alloys are mostly due
to volumetric effects, hence they do not exhibit sig-
nificant frequency dependence. This independence
of frequency can be exploited to distinguish these
inhomogeneities from near-surface residual stress

and cold work effects caused by surface treatment,
which, in contrast, are strongly frequency-dependent.
On intact as-forged shot-peened specimens, we have
found that the excess AECC was proportional to
the peening intensity, while on fully relaxed speci-
mens the excess AECC completely vanished, which
indicates that it is fairly selective to the residual
stress contribution, since the cold work effect usually
does not completely disappear even in fully relaxed
specimens.(10)

In this paper we investigated the role of elec-
trical inhomogeneity in eddy current residual stress
evaluation. It has been shown that this adverse ef-
fect can be separated from the primary residual
stress effect using a self-referencing method based on
the differences in the frequency dependence of the
residual stress and inhomogeneity contributions. The
increased experimental uncertainty associated with
AECC spectra obtained from inhomogeneous speci-
mens relative to the previously studied homogenized
Waspaloy specimens necessarily reduces the feasibil-
ity of precise residual stress assessment. However,
considering the very high degree of inhomogeneity
present in some of our specimens, the acceptable
agreement obtained with earlier measurements in
homogeneous materials is very promising and clearly
indicates the feasibility of at least limited eddy cur-
rent residual stress assessment even in such inhomo-
geneous materials.
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